The gain bandwidth limit of a single-layer microstrip reflectarray is analyzed using multi-dipole elements. By observing the reflection phase characteristics of the multi-dipole elements with different numbers of dipoles, it is shown how the bandwidth can be enhanced by increasing the number of element resonant structures. The fundamental limit of the bandwidth enhancement is then derived by analyzing the coupling between the surface wave and the incident plane wave. It is shown that the surface wave can be excited even with the plane wave of normal incidence on the reflectarray and that the excitation frequency of the surface wave is dominated by array parameters and is almost independent of the number of resonant structures. The degradation of the element reflection characteristics caused by the surface wave, which limits the reflectarray bandwidth, is investigated. By comparing the radiation characteristics of three reflectarrays with three-, five-, and seven-dipole element, respectively, the analysis of the bandwidth enhancement and its limit is verified. The measured 1-dB gain bandwidth of the three-dipole element reflectarray is 25.12%, and the bandwidth is enhanced to 33.52% with the five-dipole element. However, because of the surface wave, no further bandwidth enhancement is achieved when the seven-dipole element is used, as predicted.
I. INTRODUCTION
A microstrip reflectarray is a planar reflector antenna with an array of reflective elements. The elements are designed to provide required reflection phase distributions over the surface of the reflectarray so that the desired radiation (reflection) patterns are achieved. Although a microstrip reflectarray has several advantages over a parabolic reflector antenna, such as a more compact (low-profile) size and an easier fabrication process, the gain bandwidth of the reflectarray is much narrower than that of the parabolic reflector. Such narrow bandwidth is mainly caused by the narrowband characteristics of the microstrip elements [1] .
For broadband reflectarray design, the reflectarray elements should provide linear reflection phase curves (against the element dimensions change, such as the length of dipoles or the size of patches) that are parallel to each other at different frequencies [2] [3] [4] [5] [6] . If the phase curves are highly nonlinear, the reflection phases at different frequencies can easily converge at certain dimensions of the element, which is not desirable for broadband reflectarrays. In the case of a variable-sized rectangular patch element (one of the most commonly used element types), the reflection phase changes very sensitively to frequency variations near its resonance but is
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Reflectarrays with Multi-Dipole Elements nearly independent of the frequency variations far from the resonance [7] . As a result, the bandwidth of the reflectarray with a variable-sized patch element is very narrow (typically 3%−5%) [1] . Therefore, there have been various researches on reflectarray elements to enhance the bandwidth of the microstrip reflectarray by improving the reflection phase characteristics of the elements. In [7, 8] , multi-layer patch elements that control the reflection phase curve by adjusting relative dimensions of the patches on each layer are presented. However, multi-layer elements require high fabrication and material costs. Thus, bandwidth enhancement has been studied with single-layer structures and various single-layer elements that enhance the bandwidth by using multi-resonant structures have been proposed [2] [3] [4] [5] [6] [9] [10] [11] [12] . Although various multiresonant elements with diverse shapes have been proposed, the basic operating mechanisms or design processes of the elements are similar: the dimensions of each resonant structure are adjusted so that each resonant frequency is shifted to achieve linear and parallel phase curves. In general, broader bandwidth can be achieved with larger numbers of resonant structures, as long as those structures can be adjusted appropriately.
The purpose of this paper is to answer the following question: Is it possible to continue enhancing the bandwidth by continuously increasing the number of resonant structures? Most previous studies on broadband microstrip reflectarrays have focused on achieving bandwidth enhancement, but few studies have reported on either the bandwidth enhancement mechanisms or the enhancement limit. In this paper, both the bandwidth enhancement and its limit for single-layer microstrip reflectarrays are analyzed using examples of multiresonant elements composed of parallel dipoles [4, 5] that are chosen because of their simple shapes. In this work, CST Microwave Studio is used to obtain full wave simulation results.
II. BANDWIDTH ENHANCEMENT OF SINGLE-LAYER MICROSTRIP REFLECTARRAY ELEMENTS
As previously mentioned, the bandwidth enhancement of single-layer microstrip reflectarrays is generally achieved using multi-resonant type elements. In this section, it is shown that how the bandwidth can be enhanced by increasing the number of resonant structures of the multi-resonant elements. Specifically, multi-dipole elements are designed with an increased number of dipoles, and their reflection phase characteristics are analyzed. Fig. 1 shows the multi-dipole elements with single-, three-, and five-dipoles. The elements are symmetric with respect to the axis of the longest dipole at the center. The multi-dipole elements are designed on a substrate with a thickness of h = 3.175 mm, relative permittivity of ε r = 2.2, and loss tangent of tanδ = 0.0009. The element spacing is fixed at p = 10 mm (0.5 λ 0 at f 0 = 15 GHz). The lengths of the side dipoles l 1 and l 2 are proportional to the length of the center dipole l 0 with ratios r 1 and r 2 , respectively (i.e., l 1 = r 1 × l 0 and l 2 = r 2 × l 0 ). The gap distance between the center dipole and the second dipoles is g 1 , and the gap distance between the second dipole and the third dipole is g 2 . The widths of the center dipole, the second dipole, and the third dipole are w 0 , w 1 , and w 2 , respectively.
Element Configuration

Bandwidth Enhancement
The single-dipole element shown in Fig. 1(a) is a singleresonant structure. The number of resonance increases as the number of side dipoles increases. Therefore, the three-and five-dipole elements in Fig. 1(b) and (c) are dual-and tripleresonant structures, respectively (detailed analysis of the resonance mechanism of the multi-dipole element can be found in [5] ). Fig. 2 shows reflection phase curves of the multidipole elements when l 0 increases from 0.1 to 9.9 mm in 0.1 mm steps. The reflection phases were calculated under the assumption of infinite array of an identical element, which can be done by using plane wave of normal incidence on a single element in a waveguide composed of electric and magnetic walls [1] . The widths of the dipoles are 0.5 mm, and the gaps between the dipoles are g 1 = g 2 = 0.5 mm. The ratios between the dipole lengths are designed as follows: r 1 = 0.65 and r 2 = 0.5 for both of the three-and fivedipole elements. These dimensions of the elements are chosen based on various parametric studies so that the phase curves of the elements become linear and parallel within the maximally achievable frequency range. From Fig. 2 , it is observed that the achievable phase delay increases as l 0 increases. In the case of the single-dipole element, the first resonance frequency (when the reflection phase is 0°) decreases as l 0 increases. However, the reflection phase curves begin to converge before the reflection phase exceeds −360° (the second resonance), as indicated by the dashed red circle in Fig. 2(a) . Such convergence of phase curves is not desirable for broadband reflectarray design be- cause the desired reflection phase distribution cannot be obtained. As shown in Fig. 2(b) and (c), it is possible to achieve continuously spreading reflection phase curves with frequency by adding additional resonant structures. The second dipole of the three-dipole element induces the second resonance, and the phase delay can be increased to be larger than 360°. By adjusting r 1 , the distance between the first and second resonant frequencies can be controlled so that highly nonlinear change of the reflection phase is avoided. However, the phase curves still converge before the reflection phase exceeds −720° (the third resonance), as indicated by the dashed red circle in Fig. 2(b) . Since the phase curves begin to converge when f is larger than approximately 17 GHz, it is expected that the gain will begin to decrease as the frequency exceeds 17 GHz. Introducing the third dipole, the phase curves of the five-dipole element can continuously spread up to 20 GHz, as shown in Fig. 2(c) . Fig. 3 shows the reflection phases against l 0 at various frequencies for the multi-dipole elements shown in Fig. 1 . In the case of the single-dipole element, not only is the reflection phase range not wide enough to cover 360°, but also the phase curves are parallel to each other only in a narrow frequency range. In the case of the three-dipole element, the phase range is widened due to the increased number of resonances, and the phase curves are linear and parallel to each other in a wider frequency range when l 0 is larger than 5.5 mm, which is achieved by adjusting the dimensions of the dipoles. However, the slope of the phase curves is still reduced at upper frequencies (f > 17 GHz), as expected from Fig. 2(b) . In the case of the five-dipole element, the phase curves are almost linear and parallel to each other from 10 to 20 GHz.
III. LIMIT OF THE BANDWIDTH ENHANCEMENT
In Section II, it was shown how the reflection phase characteristics desired for broadband reflectarray design can be achieved by increasing the number of resonant structures with single-layer elements. Unfortunately, even though the number of resonant structures is continuously increased, the bandwidth enhancement of the reflectarray is limited due to the excitation of surface waves. The surface wave on the microstrip reflectarray can be excited if the propagation constant of the surface wave is matched to the transverse propagation constant of the incident plane wave. In this condition, the incident wave is coupled to the surface wave and dissipated as losses than reradiated with desired phase shift from the element. This phenomenon is similar to "scan blindness" in phased arrays [13, 14] where the incident wave in the blindness angle is not coupled to the array elements. The scan blindness is caused by the forced resonance of the surface wave. In microstrip reflectarrays, as incident wave is coupled to surface wave, the following two distinct phenomena occur (see Section III-2):
1) The reduction of the reflection magnitude at the frequency of the surface wave coupling f sw .
2) The distortion of the reflection phase at the frequencies close to f sw .
Similar phenomena were reported in [15, 16] but those studies were limited to a single-resonant element (a patch with variable size) and no study about the effect of the surface wave on the reflectarray bandwidth has been carried out. As will be shown in Section IV, both of these phenomena can severely degrade the efficiency of a reflectarray. In addition, as will be shown in Section III-1, the frequency of surface wave excitation f sw is almost independent from the element shape or the number of resonant structures but is dominated by array parameters, such as the element spacing and the thickness and permittivity of the substrate. Therefore, this surface wave excitation condition fundamentally limits the reflectarray bandwidth enhancement.
The Condition of Surface Wave Excitation
In phased arrays, because the element spacing is close to 0.5λ 0 , the blindness angle is normally far from the bore-sight. In reflectarrays, however, the angles from a feeder to most elements are generally small. For instance, the maximum incident angle is only 26.5° for a reflectarray with F/D = 1 (where F is the distance from the feeder phase center to the center of the reflectarray and D is the diameter of the reflectarray) when the feeder is on the axis of the reflectarray. The angles to the dominant elements that are under relatively high levels of illuminated field from the feeder are close to 0°. Therefore, strong coupling between the surface wave and the incident wave (or forced resonance of the surface wave) does not occur.
However, when the element spacing of phased array is increased, the scan blindness can occur at an angle that is close to the bore-sight [17] . Similarly, the surface wave can be excited on a reflectarray even with the plane waves with small incident angles or, in extreme cases, with normal incidence as frequency increases. Because the surface wave mode that limits the bandwidth enhancement is the dominant mode with the lowest excitation frequency, in this work, f sw is considered for the TM 0 mode only and can be derived using the relation between the grating lobe angle and the scan blindness angle, as follows.
With a planar array with element spacing p (= p x = p y ) on a dielectric substrate with thickness h and relative permittivity ε r , the grating lobe occurs at angle θ gr [18] .
The angle of scan blindness θ sb can then be calculated as follows:
where β sw is the propagation constant of the TM 0 surface wave on the unloaded grounded dielectric substrate. For a rigorous solution, β sw must be the propagation constant of the surface wave of the dielectric substrate with the printed elements. However, practically, this loading effect of the printed elements is small enough to be ignored and therefore β sw can be approximated by using the propagation constant of the unloaded dielectric substrate. The error of the blindness angle due to such approximation does not exceed a few tenths of a degree [14] . An approximate closed form of β sw is found in [19] .
Finally, f sw under a normally incident plane wave can be derived with θ sb = 0, as follows: 
where c 0 is the speed of light in free space. Note that f sw in Eq. (4) is dependent on the array parameters such as p, h, and ε r . In the following part of this section, it will be shown that f sw is almost independent from the shape of the element or the number of resonant structures but dominated by the array parameters by comparing the full wave simulation results with the analytic solutions.
Effects of the Surface Wave
In the case of the multi-dipole elements in Section II (p = 10 mm, h = 3.175 mm, and ε r = 2.2), f sw is calculated as 23.03 GHz from (4). In Fig. 4 , the magnitudes of the reflection coefficients of the five-dipole elements under plane wave of normal incidence are shown as black lines for different values of l 0 . It is observed that the rapid reduction of the reflection magnitudes occurs near f sw = 23.03 GHz. The differences between f sw and actual frequencies of the surface wave excitation are due to the loading effect of the printed dipoles which are not considered in (4). When l 0 = 2.75 mm, the largest reduction of the magnitude occurs at 22.9 GHz. Fig.  5 shows electric field distribution excited by y-polarized plane wave of normal incidence on three identical five-dipole elements with l 0 = 2.75 mm at 22.9 GHz. The elements are placed inside a waveguide composed of electric and magnetic walls to assume an infinite array of the elements. Note that three identical elements (instead of one element) are shown in Fig. 5 only for better visualization of the surface wave. It is observed in Fig. 5 that the TM 0 mode surface wave that is excited by the incident plane wave is propagating in the ydirection. Thus, most of the energy of the incident wave is excited as the surface wave, and the surface wave propagates until it is fully dissipated as dielectric and conductor losses. Such reduction of the reflected power significantly decreases the efficiency of the reflectarray. In addition, the efficiency is degraded due to the convergence of the reflection phases near f sw , as in Fig. 6(a) that shows the reflection phases of the five-dipole element within the frequency range from 20 GHz to 25 GHz. The convergence of the phases occurs for the following reason. After the partial energy of the incident wave is coupled to the surface wave, the rest of the energy that is not coupled experiences the grounded dielectric substrate. Thus, the reflection phase at f sw becomes the same as the phase when a plane wave is normally incident on the grounded dielectric substrate (with no printed element pattern on the dielectric layer). As a result, assuming that the reflection phase of the grounded dielectric substrate is φ g , then the reflection phases near f sw converge to φ g −2πn (n = 0, 1, 2, …) as shown in Fig. 6(a) . Because f sw is almost independent from l 0 , even if the number of dipoles is further increased, the bandwidth enhancement is still limited due to the surface wave. In Fig. 4 , the reflection magnitudes of the seven-dipole element are shown as red lines. The seven-dipole element is designed by adding two shorter dipoles (with the length l 3 (= r 3 × l 0 , r 3 = 0.3), the width w 3 = 0.5 mm, and the gap distance g 3 = 0.5 mm) to the five-dipole element. The reduction of the reflection magnitudes is also observed near f sw , as in the case of the five-dipole element. The reflection phases of the sevendipole element are shown in Fig. 6(b) , where similar distortion (convergence) of the phase curves is also observed near f sw . Thus, it is obvious that the bandwidth enhancement of the reflectarray is limited due to the surface wave excitation, even with the increased number of dipoles.
It should be noted that similar phenomena are observed with the single-and three-dipole elements. In Table 1 , the values of f sw extracted from full wave simulation are listed for the multi-dipole elements with different numbers of dipoles. They are designed with two different values of h and p, respectively. The values of f sw calculated using (4) are given in Table 1 for comparison. The maximum values of l 0 are 9.9 mm when p = 10 mm, and 14.9 mm when p = 15 mm, respectively. Because f sw shifts slightly as the shape or size of the printed element changes, as in Fig. 4 , frequency ranges where the reflection magnitude reduction is larger than 3 dB are given for the values of f sw from the full wave simulation in Table 1 . From Table 1 , it is observed that the values of f sw from full wave simulation for various cases are close to f sw from (4) and not dominated by the element types. Therefore, it can be concluded that the bandwidth enhancement of a reflectarray with single-layer multi-resonant type elements is limited by the excitation of the surface wave, no matter how much the number of resonant structures is increased.
IV. BROADBAND REFLECTARRAY DESIGN
In this section, multi-dipole element reflectarrays with different number of dipoles are designed and analyzed to prove the bandwidth enhancement by increasing the number of resonant structures and its limit which has been discussed in previous sections.
The configuration of the reflectarrays is shown in Fig. 7 . In this work, three reflectarrays with identical dimensions are designed using the three-, five-, and seven-dipole elements, respectively, to compare the gain bandwidth (the singledipole element reflectarray is not designed because it is well known that the gain bandwidth of the reflectarray is very narrow). The diameter of the reflectarrays is D = 300 mm (15λ 0 at f 0 = 15 GHz). The distance from the feeder phase center to the center of the reflectarrays is F = 426 mm (21.3λ 0 at f 0 = 15 GHz), and the feeder is located on the axis of the reflectarray surface. Taconic TLY-5 substrates (ε r = 2.2, tanδ = 0.0009) with h = 3.175 mm are used as the substrates for the reflectarrays.
The reflectarrays are designed to obtain a main beam at the bore-sight, and for the reflectarray configuration of Fig.  7 , the required reflection phase φ r of the i th element at the (5) where R i is the distance from the phase center of the feeder to the i th element, R max is the distance from the phase center to the edge element, and Δφ is a phase offset that can be arbitrarily added to the reflection phase. Note that Δφ is a function of frequency. Theoretically, the phase offset Δφ can be changed with frequency without affecting the radiation characteristics of a reflectarray because Δφ is not a function of x i .
Although optimization techniques can be applied to broadband reflectarray design [2, 8, 10] , no such optimization is used for the design of the reflectarrays in this work, i.e., the reflectarrays are designed to achieve the required phase distributions from (5) only at a single design frequency f 0 = 15 GHz (which is a conventional reflectarray design method). In this way, the bandwidth enhancement that only corresponds to the element change can be observed. For in- stance, it is expected that the single-dipole element reflectarray will have the narrowest gain bandwidth among the four reflectarrays because the linearity of the phase curves in Fig.  3 are rapidly reduced as frequency increases from f 0 . In addition, it is expected that the gain at f 0 will be lowest because the achievable phase range at f 0 is less than 360°. The gains at f 0 and upper frequencies will be enhanced by using the threedipole element, as the phase range at f 0 is larger than 360° and the linearity of the phase curves in Fig. 3 are well conserved until f = 17 GHz. The bandwidth enhancement up to f = 20 GHz will be achieved with the five-dipole element as the linearity of the phase curves are further improved, as shown in Fig. 3 . The phase curves of the seven-dipole element are similar to those of the five-dipole element (not shown for brevity), and no further bandwidth enhancement will be achieved due to the surface wave excitation discussed in Section III. The three reflectarrays with the three-, five-, and sevendipole elements were fabricated, and the five-dipole case is shown in Fig. 8 as an example. As a feeder for all three reflectarrays, a conventional circular dual-mode horn antenna presented in [20] was used.
In Figs. 9-11, the radiation patterns of the three reflectarrays obtained from full wave simulation and measurement are shown at various frequencies. The measured peak gain of the three-dipole element reflectarrays at the design frequency f 0 = 15 GHz is G 0 = 31.0 dBi, and the corresponding aperture efficiency is η a = 59.1%. In the case of the five-dipole element reflectarray, G 0 = 31.4 dBi and η a = 64.1%. In the case of the seven-dipole element reflectarray, G 0 = 31.0 dBi and η a = 59.1%. The detailed radiation characteristics of the three reflectarrays at 15 GHz are summarized in Table 2 .
The gains against frequency are shown in Fig. 12 . The lowest observation frequency is limited to 12.5 GHz due to the cut-off frequency of the feeder (a circular dual-mode horn antenna). The measured 1-dB gain bandwidth of the three-dipole element reflectarray is 25.12% . Meanwhile, the 1-dB gain bandwidths of the five- and seven-dipole element reflectarrays are 33.52% (14.13-19.82 GHz) and 33.11% (14.16-19 .78 GHz), respectively. Thus, the gain bandwidth is enhanced by 33.42% and 31.84% by using the five-and seven-dipole elements, respectively. It is observed that the radiation patterns and gains of the three reflectarrays are similar at lower frequencies (f < 17 GHz), but the side lobe levels are increased and the gain is reduced as frequency increases in the case of the three-dipole element reflectarray, as expected. Also note that the gains of the seven-dipole element reflectarray are similar to those of the fivedipole element reflectarray for the entire frequency range of interest, and no further bandwidth enhancement is observed with the increased number of dipoles, as predicted.
V. CONCLUSION
In this paper, the bandwidth enhancement and limit of a single-layer microstrip reflectarray have been analyzed. First, by observing the reflection phase characteristics of the multidipole element with different numbers of dipoles, it has been shown how the bandwidth can be enhanced by increasing the number of the element resonant structures. Second, the limit of the bandwidth enhancement by increasing the number of resonant structures has been analyzed. It has been shown that the bandwidth is limited due to the excitation of the surface wave at the upper frequency which is dominated by the array parameters (such as the element spacing and the thickness of the substrate), rather than the shape of the resonant structures. The effects of the surface wave that reduces the reflection magnitude and distorts the reflection phase near the frequency of the surface wave excitation have been observed, which reduces the gain and, thus, limits the gain bandwidth.
The enhancement of the bandwidth and its limit has been proved by comparing the radiation characteristics of the three-, five-, and seven-dipole element reflectarrays. The three reflectarrays were designed with identical dimensions. Through full wave simulation and measurement, it has been shown that the gain bandwidth is enhanced by increasing the number of the dipoles from three to five. However, no further enhancement can be achieved, even though the number of dipoles is increased to seven due to the surface wave.
The analysis of the bandwidth limit is expected to give guidelines to broadband microstrip reflectarray designs. Although the analysis in this paper is limited to the case of single-layer microstrip reflectarrays, in the future, the study can be extended to the case of multi-layer reflectarrays. 
